Porous and fluffy ZnO photocatalysts were successfully prepared via simple solution based combustion synthesis method. The photocatalytic inactivation of Escherichia coli bacteria was studied separately for both Ag substituted and impregnated ZnO under irradiation of natural solar light. A better understanding of substitution and impregnation of Ag was obtained by Raman spectrum and X-ray photoelectron analysis. The reaction parameters such as catalyst dose, initial bacterial concentration and effect of hydroxyl radicals via H 2 O 2 addition were also studied for ZnO catalyst. Effective inactivation was observed with 0.25 g L À1 catalyst loading having 10 9 CFU mL À1 bacterial concentration. With an increase in molarity of H 2 O 2 , photocatalytic inactivation was enhanced. The effects of different catalysts were studied, and highest bacterial killing was observed by Ag impregnated ZnO with 1 atom% Ag compared to Ag substituted ZnO. This enhanced activity can be attributed to effective charge separation that is supported by photoluminescence studies. The kinetics of reaction in the presence of different scavengers showed that reaction is significantly influenced by the presence of hole and hydroxyl radical scavenger with high efficiency.
Introduction
Nanostructures offer tailored and improved properties for versatile applications owing to their unique physicochemical properties such as large surface to volume ratios and nanosize dimensions.
1,2 Microbial contamination has become a serious issue of debate due to the spread of the antibiotic resistant infections.
3 Coliforms are present in the environment which makes their presence obvious in contaminated water contributes to diarrheal diseases. 4, 5 Therefore, antimicrobial agents in the form of powders, organic-inorganic nanocomposite coating or coating on cellulose bers are studied extensively. 6 Recently, inorganic materials like TiO 2 , 7 SiO 2 , 8 ZnO (ref. 9 ) and silver nanoparticles 10 have been engineered to impart strong antimicrobial properties.
In this respect, nanocrystalline ZnO is a promising material with exciton binding energy of 60 meV. 11, 12 It imparts superior chemical stability with lower toxicity that makes it appropriate for applications such as photocatalysts, solar cells, etc.
13-15
Moreover, ZnO nanoparticles act as bacteriocide and can restrain the growth of both Gram-negative and Gram-positive bacteria with minimum damage to human cells. [16] [17] [18] Gram positive and negative bacterium such as Bacillus atrophaeus and Escherichia coli (E. coli) were inactivated by hydrothermally synthesized ZnO nanorods. 9 The photocatalytic bacterial killing takes place via excitation of semiconductor material forming electron-hole pair, which eventually disrupts the cell membrane and damages the cell wall due to peroxidation of the unsaturated phospholipids through short-lived but highly active radicals.
19,20
Performance tuning and augmentation of activity by doped ZnO nanocrystals have been of research interest. 21, 22 Various studies have been employed to tune the properties of the material that depends on the synthesis method for inhibition of bacterial growth. Among the solution based methods, the combustion process produces highly pure porous nanopowders with easy control over composition, low processing temperature, and good homogeneity. Moreover, this method yields powder with fairly high surface area and also large scale fabrication is possible without any sophisticated instrumentation.
23,24
Surface modication of the catalyst has a strong inuence on the photocatalytic bacterial killing. 25 Thus, ZnO is coupled with various elemental/compounded materials to prevent the recombination of electron-hole pair upon light interaction with the surface to obtain better efficacy. Ag is a potential material with bactericide properties. ZnO is an n-type semiconductor that becomes an effective p-type semiconductor upon Ag doping that changes the optoelectronic properties that inuence photocatalytic activity. Recently, microwave technique was employed to synthesize micro/nanospheres of ZnO/Ag for inactivation of E. coli and photocatalytic degradation of methyl orange dye. 26 Fan's group 27 has reported the formation of unique honeycomb Ag/ZnO heterostructures and their photocatalytic efficiency against Rhodamine B. However, in this study, we have explored how silver substitution and impregnation in ZnO affects the photocatalytic killing of bacteria in comparison to the synthesized ZnO. Thus, in the present work, we report the preparation of ZnO by a solution combustion method using alanine as fuel. The study and comparison of the photoactivity of Ag-substituted and Ag-impregnated ZnO has been carried out. Bacterial inactivation rate in the presence of H 2 O 2 and other scavengers have also been studied to understand the inactivation mechanism. We further compare the activity of the synthesized material with the commercial catalyst.
Materials and methods

Materials
The precursor zinc nitrate hexahydrate (Zn(NO 3 )$6H 2 O) and hydrogen peroxide (30%) was purchased from Merck (India).
Other chemicals, such as-L-alanine (CH 3 CH(NH 2 )COOH) and silver nitrate (AgNO 3 ), were purchased from S.D. Fine Chemicals (India). Millipore double distilled water was used for all the experiments.
Catalysts synthesis
Pristine ZnO nanopowder catalyst was prepared via solution combustion method. The typical synthesis process includes dissolving stoichiometric quantities of oxidizer zinc nitrate hexahydrate and the fuel L-alanine in a minimum amount of water. The mixture is stirred for 30 min for homogeneous mixing. The aqueous solution was subjected to combustion in a preheated muffle furnace at 370 C for a short period to obtain ZnO nanopowders. For 1 atom % Ag-substituted ZnO (ZnO-Ag sub), stoichiometric amount of Zn(NO 3 )$6H 2 O, alanine, and AgNO 3 were taken in the muffle furnace at 370 C. On the other hand, Ag-impregnated ZnO (ZnO-Ag imp) was prepared by impregnating metal (1 atom %) on the pre-synthesized ZnO surface. For the preparation of ZnO-Ag imp, combustion synthesized ZnO was dispersed in water, and the appropriate amount of AgNO 3 was introduced drop by drop into the system containing hydrazine hydrate. The process was followed by drying, in order to recover the catalyst at 150 C for 24 h. Zinc oxide ($100 nm, Sigma Aldrich) was used as the commercial catalyst and Ag was impregnated in this catalyst by the same method and this was designated as Zno Ag imp (comm). This catalyst was used for comparison of photocatalytic activity with the prepared materials.
Catalysts characterization
The prepared catalysts were characterized by various analytical techniques. The X-ray diffraction (XRD) patterns of the catalyst were measured using Ni ltered CuKa radiation (Rigaku, Ultima IV system). Morphological analyzes were carried by FESEM (NOVA NANOSEM FEI-450 system) and TEM (JEOL JEM-2100 system). Specic surface areas of the catalysts were determined using N 2 as adsorbate in Quatachrome Autosorb, USA. Xray photoelectron spectra (XPS) of these samples were recorded with AXIS Ultra X-ray photoelectron spectroscopy. UV-DRS measurement was carried using Shimadzu spectrophotometer (UV-2450) and photoluminescence (PL) spectra of the prepared photocatalysts were measured using Hitachi F-4500 spectrouorimeter.
Microorganisms and growth media
The current study used Gram negative Escherichia coli (E. coli) K-12 (MG 1655) micro-organism as the host micro-organism. The bacterial strain was obtained locally from the culture collections. The bacteria were grown aerobically in Luria-Bertani (LB) media (HiMedia, India). Bacterial culture was prepared by the constant agitation of fresh inoculums in 100 mL of media in an incubator with constant shaking at 200 rpm (Scigenic biotech, India). In order to monitor the growth of the cells, optical density was measured at 600 nm. The exponential growth phase was used for cell culture collection. It was further centrifuged at 3500 rpm for 20 min followed by washing twice with germ-free deionized water. The re-suspension of bacterial cell plates in 100 mL deionized water was done. An initial E. coli concentration used was approximately 10 9 CFU mL À1 (CFU -colony forming units). It was used immediately without storing for all the photocatalytic inactivation experiments. Solid medium of agar plates was prepared using LB media and 2% agar powder (HiMedia, India). The agar plates were used in the viable count method for the analysis of inactivated bacterial samples. Further details of the bacterial strain, growth media and details of the experiments can be found elsewhere. 
Photochemical inactivation experiments
The antimicrobial experiments were carried under natural sunlight. A batch of solution containing bacteria-catalyst for which the catalyst activity is to be compared was simultaneously exposed to sunlight and the solutions were continuously stirred with a magnetic stirrer. All the experiments were carried out between 11 am to 3 pm since the solar intensity uctuations are minimal in that duration and the variation in the solar intensity was recorded with a radiometer (Eppley PSP 32483F3, Newport, USA) and the average solar intensity was 0.753 kW m À2 .
Bacterial sample analysis
All the glasswares and plastics used for the preparation of medium, during photocatalytic experiments and inactivation study were autoclaved at 120 C for 4 h. For antimicrobial activity determination of catalyst, 50 mL of the bacterial solution of known bacterial concentration was taken in 100 mL beaker with known catalyst loading and placed under sunlight. For analysis, 100 ml of suspension was collected at xed intervals from the thoroughly stirred solution and the bacterial count was performed. The cell counting was done by standard viable count method/plate count method. The suspension collected was successively diluted in deionized water for the nal count to be in between 10-100 CFU mL À1 . A suspension of 100 ml was spread on nutrient agar plates. The agar plates containing inactivated samples were incubated overnight. The fully grown colonies on plates were counted and recorded. The number of colonies forming units (CFU's) was counted considering the dilution factor aer incubation at 37 C for 24
h. The respective data are the average values obtained from triplicate runs.
The stability of the catalyst was conrmed by conducting deactivation studies. Experiments were conducted with the ZnO-Ag (imp) with a loading of 0.25 g L À1 . Once the bacterial inactivation was complete in 2 h, the reaction was stopped and the second cycle was started aer making the initial concentration of E. coli to $1.1 Â 10 9 CFU mL À1 . Similarly, the third cycle was also carried out. The catalyst is taken at the end of the rst cycle and used for the second cycle and the catalyst at the end of the second cycle was used for the third cycle. 29 This was repeated for seven cycles.
Results and discussion
3.1. Catalyst characterizations 3.1.1. Phase analysis. The X-ray diffraction pattern for pristine zinc oxide, silver substituted and impregnated zinc oxides were shown in Fig. 1 as (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) planes, respectively according to the JCPDS: 01-076-0704. From the diffraction patterns of silver substituted and impregnated zinc oxide samples, specic peaks observed at 38.14 , 44.24 , 64.41 correspond to Ag having cubic structure with Fm 3m space symmetry according to JCPDS: 01-087-0717. The peak intensity for Ag in substituted catalyst is lesser compared to impregnated sample. Therefore, the presence of Ag in the X-ray pattern suggests that the silver has been successfully substituted and impregnated to zinc oxide nanoparticles. Substitution and impregnation of silver in zinc oxide can be well understood by Raman scattering and XPS analyzes.
3.1.2. Raman analysis. Fig. 2 shows the Raman scattering of pristine zinc oxide, silver substituted and silver impregnated zinc oxide catalysts. Zinc oxide belongs to wurtzite structure having C 6v point group symmetry. Among A 1 , E 1 , E 2 and B 1 modes, all modes are active except B 1 . Typical zinc oxide consists of couple of polar branches splitting as longitudinal and transversal components because of longitudinal optical phonons. Modes corresponding to Zn lattice vibrations are denoted as E 2L whereas for oxygen atoms it will be represented as E 2H , A 1 and E 2 modes can be observed, rest are forbidden modes based on Raman selection rules. 3.1.3. XPS analysis. The X-ray photoelectron spectroscopy analyses of zinc oxide, silver substituted and impregnated zinc oxide were shown in Fig. 3 . The carbon C-1s XPS peak analyzed at 284.3 eV as shown in Fig. 3(a) , corresponds to adventitious carbon on the surface of ZnO and also peak 287 eV matched to C-O-C bonds, which could be due to the carbon content existing from solution combustion preparation. The O-1s spectra recorded for pristine ZnO sample (Fig. 3(b) ) showed three distinct peaks at 529 eV, 531 eV and 532 eV that can be related to lattice oxygen, oxygen defects and chemisorbed oxygen species or hydroxyl species on zinc oxide, respectively. The O-1s spectra of Ag doped ZnO (Fig. 3(c) ) showed no chemisorbed or hydroxyl species. This can also be corroborated with the lesser photoactivity of Ag substituted ZnO. There is no signicant change in the peak positions of Zn-2p in pristine, substituted and impregnated samples as shown in Fig. 3(d) . The Zn 3d 3/2 and 3d 5/2 were recorded and deconvoluted at 1044 eV and 1020 eV, respectively. The silver in the substituted ZnO existed in Ag + ionic state proving the substitution of Ag ions into zinc oxide lattice. The Ag-3d peak at 367 eV and 373 eV can correspond to Ag-3d 5/2 and Ag-3d 3/2 ionic states of Ag, as shown in Fig. 3(e) .
However, the silver in Ag impregnated ZnO existed in metallic state or ground state that can be seen from Fig. 3(f) . The peaks at 369 eV and 375 eV correspond to the 3d ground states of silver. Thus, based on this analysis, a better outlook to substitution and impregnation of Ag was obtained. 32, 33 3.1.4. Morphological analysis. The typical FESEM images of the as prepared pristine zinc oxide, silver substituted and impregnated zinc oxide are shown in Fig. 4 . Furthermore, the distribution of Ag, Zn, and O was studied for prepared silver substituted (ZnO-Ag (sub)) and impregnated (ZnO-Ag (imp)) catalysts by elemental mapping of the FESEM images. Fig. 4(a) shows the FESEM images of pristine zinc oxide. It was observed that zinc oxide nanopowders are highly porous and spongy in nature. On the other hand, FESEM image of silver substituted ZnO (Fig. 4(b) ) visually did not evidence the substitution of silver as it exhibited similar porous and uffy nature, unlike zinc oxide. Elemental mapping of Ag-substituted ZnO showed the presence of zinc (green), silver (red) and oxygen (blue), respectively. It is evident that Zn and O are higher in density in comparison to Ag, and there is a non-homogeneous distribution of Ag over the considered region in the catalyst. Impregnation of silver on ZnO is well understood in Fig. 4(c) with small spherical particles sitting on the surface of porous ZnO. Surface with silver covering shows a decrease in zinc and oxygen density. Uniform distribution of Ag is observed in the region for silver impregnated samples. In order to better understand the impregnated distribution of silver in ZnO, transmission electron microscopy with HRTEM and SAED has been carried as shown in Fig. 5(a-d) . TEM image of the silver impregnated zinc oxide clearly depicts non-uniform size particles with some nearly spherical particles as seen in Fig. 5(a) . The porous zinc oxide mass constitutes agglomeration of small particles during combustion process where as silver remains as high dense particle probably due to its high atomic number. The average particle size from TEM image is found to be $35 nm. The SAED pattern shown in Fig. 5(b) shows number of distinct concentric rings with superimposed bright spots. In Fig. 5(c) , we can see few particles soly agglomerated, indicating the particle size of silver to be approximately 20 nm. HRTEM image of Ag/ZnO heterojunction of the boxed region in Fig. 5(c) is shown in Fig. 5(d) . The lattice fringes of ZnO are observed to be 0.27 nm consistent with the (100) reection and lattice distance of 0.23 nm corresponds to the d-spacing of the (111) crystal plane of Ag, as shown in Fig. 5(d) .
3.1.5. UV-Vis DRS & band gap determination. Fig. 6 shows the UV-DRS spectra of zinc oxide, silver substituted and impregnated zinc oxide powders. The presence of silver sharpens the band gap absorption in comparison to the pristine zinc oxide. Silver work function ranges in between the conduction band (CB) and valence band (VB) of ZnO that accelerates the light absorption capacity. The absorption edge is observed between 360-385 nm which is blue shied due to substitution and impregnation of Ag as shown in Fig. 6(a) . This blue shi is attributed to quantum connement effects due to reduced size of particles. Estimation of band gap energy is carried using Tauc plot that uses the value obtained from extrapolated linear slope to photon energy as shown in Fig. 6(b) . The band gap of pristine zinc oxide, silver substituted and silver impregnated is found to be 2.75 eV, 3.11 eV and 3.21 eV, respectively. The band gap of zinc oxide decreases as a result of increase in oxygen vacancies that are induced during the rapid combustion process. The band gap of Ag loaded ZnO increases due to phenomenon known as Moss-Burstein shi. Hence, Ag loaded zinc oxide shows higher band gap energy. The effect of catalyst loading in the present study was investigated by incubating E. coli (at an initial cell number of approximately $10 9 CFU mL À1 ) in the presence of various concentrations of ZnO (varying form 0.25 mg mL À1 to 2.0 mg mL À1 ) under sunlight and the results are shown in Fig. 7 .
The inset in the gure shows the rate constants under different catalyst loading. It may be mentioned here that appropriate control experiments in the presence of only sunlight without catalyst (photolysis control) and catalyst alone without sunlight (dark control) were also carried out. It can be observed from the gure that the bacterial count remained almost unchanged in the dark experiment indicating no inactivation of bacteria in absence of sunlight. On the other hand, aer 120 min of irradiation under sunlight, photolysis alone resulted in a 1.3 log reduction in the viable bacterial count. However, signicant increase in bacterial inactivation was observed in the presence of 0.25 mg mL À1 ZnO catalyst which demonstrated 5.5-fold higher inactivation as compared to photolysis. However, increasing catalyst loading to 0.5 mg mL À1 resulted in slight decrease in bacterial inactivation with 0.2 log reduction in viable count than 0.25 mg mL À1 ZnO catalyst. At still higher catalyst loading of 1 mg mL À1 and 2 mg mL À1 , photocatalytic inactivation of bacteria further decreased and a 3 log reduction in bacterial count was noted for both the catalyst loading indicating the saturation of bacterial inactivation by the ZnO photocatalyst in the present study. The reaction rate constant k in min À1 has been calculated following the kinetic equation: Àln(C/C o ) ¼ kt where, C o is the initial concentration, C is the concentration for given time interval, k is the reaction rate constant and t is the time for reaction. The t value has been considered 30 min for calculation of k as the photocatalytic reaction becomes almost stable aer 30 min duration. The highest rate constant of 0.097 min À1 was achieved for 0.25 mg mL À1 ZnO loading supporting the inactivation prole with subsequent decrease in rate constant upon increasing the concentration of catalyst. The rate constant obtained with 0.25 mg mL À1 ZnO loading is nearly four times that obtained with 2 g L À1 loading of ZnO, as shown in the inset of the gure. As mentioned in the previous reports, the photocatalytic inactivation of microorganisms depends on various parameters such as generation of reactive oxygen species (ROS), absorption of the irradiated light and inuence of these on total biomass.
36
The maximum inactivation of E. coli observed at a catalyst loading of 0.25 mg mL À1 in the present study could be due to the high absorption of sunlight that leads to the generation of high amount of ROS that maximally interacted with the bacterial mass. On the other hand, the decrease in bacterial inactivation at higher catalyst loading could be attributed to the shadowing or screening effect causing attenuation of sunlight reaching to the bacterial cells as a result of high amount of catalyst present in the medium. This shadowing/screening effect has been reported by others in previous studies on the photocatalytic inactivation of a microorganism as well as degradation of chemical contaminants.
37,38
The results presented in Fig. 7 demonstrated that a catalyst is a well-known disinfectant and therefore, plays major role during the photochemical reactions leading to high rates of reaction in its presence. In the present system, suspension of catalyst-E. coli with H 2 O 2 addition, high rates of bacterial inactivation is expected due to more radical formation. 40 An optimum ZnO catalyst concentration of 0.25 mg mL
À1
was loaded to the bacterial solution having concentration 1 Â 10 9 CFU mL À1 . The results of H 2 O 2 addition have been represented in Fig. 9 and the inset presents the plot of reaction rate constant versus concentration of H 2 O 2 . A control experiment has been performed with 10 mM of H 2 O 2 under sunlight without catalyst. It showed 2.5-log reduction in the viable count. A slight increase in bacterial inactivation was observed as the H 2 O 2 concentration varied from 1 mM to 5 mM. With an increase in the H 2 O 2 concentration to 20 mM, the bacterial killing ability of ZnO also increased within time period of 60 min with viable count to 5.7 log reduction. A further increase to 100 mM enhanced the inactivation to 6.2-log reduction in the viable count. Thus, the results suggest that improvement in bacterial inactivation is found with addition of H 2 O 2 in comparison to inactivation without the presence of disinfectant. 41 The inset kinetic plot clearly depicts the increase in rate constant with an increase in the molar concentration of H 2 O 2 . A nearly linear increase in the reaction rate with H 2 O 2 concentration is observed initially. The reaction rate becomes constant aer a concentration of 10 mM. This suggests that production of hydroxyl radicals at 10 mM is sufficient for the effective inactivation of bacteria.
3.2.4. Photocatalytic efficacy of different catalysts. In order to compare the photocatalytic efficacies of different catalysts, photocatalytic inactivation of E. coli was examined in presence of 0.25 mg mL À1 of various catalysts namely ZnO, ZnO-Ag (sub)
and ZnO-Ag (imp) under sunlight or dark condition for 2 h as shown in Fig. 10 . The inset bar graph in the gure shows the reaction rate constant for different catalysts under dark and visible sunlight. In absence of sunlight (dark), ZnO did not show any signicant photocatalytic inactivation while ZnO-Ag (sub) . , E. coli concentration: $1 Â 10 9 CFU mL
and ZnO-Ag (imp) demonstrated 1 and 2 log reduction, respectively, in bacterial count. Under the sunlight, all the three synthesized catalysts exhibited signicant photocatalytic inactivation with the maximum inactivation potential shown by ZnO-Ag (imp) with 6.7 log reduction followed by ZnO-Ag (sub) showing 5.9 log reduction and ZnO showing only 5.1 log reduction. ZnO-Ag (imp) was found to be the best among the synthesized catalyst and was actually as potential as commercial catalyst in terms of photocatalytic killing of bacteria. The above results are justied by the reaction rate constants as shown in the inset of the Fig. 10 . Addition of silver also affects in the dark for bacterial killing with lower rate constants. There is a gradual increase in the rate of reaction with addition of Ag. Similar trend is followed in both dark and sunlight. surface area do not have signicant effect. However, both silver substituted and impregnated shows synergistic effect due to reaction of reactive oxidative species and bacterium contact with silver is equally important. Silver is known to cause disruption of cell wall and its membrane. However, the photoactivity of silver substitution was observed lower due to radiation free recombination of charge carriers. 42 On the other hand, impregnation of the metallic Ag in ZnO generates oxide ion vacancies that act like electron-trapping sites that are the prime reason for higher inactivation of bacteria via ZnO-Ag (imp). Very recently, Ag@ZnO nanostructures were mediated onto cotton fabrics for visible light driven activities and also antimicrobial activities by Manna et al. A variation in silver nitrate concentration in ZnO matrix showed difference in microbial killing. However, Ag@ZnO particles having the silver precursor concentration of 2.5 Â 10 À5 M showed highest bacterial killing but higher concentration led to decrease in antimicrobial functionality.
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As explained in Section 2.7, deactivation studies were conducted with ZnO-Ag (imp) for seven cycles. It is clearly observed from Fig. 10 that no signicant deactivation was observed and the bacterial inactivation remained almost similar to the rst cycle.
As discussed in Section 2.2, bacterial inactivation was also examined for Ag impregnated ZnO wherein ZnO was obtained commercially. Fig. 10 shows this catalyst, ZnO-Ag imp (comm), shows activity for bacterial inactivation that is higher than that of ZnO but is lower than that of ZnO-Ag imp prepared in this study. This clearly shows the superior activity of Ag impregnated ZnO prepared by solution combustion compared to the Ag impregnated commercial ZnO.
3.2.5. Photocatalytic mechanism. The above results showed that ZnO-Ag (imp) had signicantly increased the photocatalytic activity. This enhanced activity could be attributed to structural and physical features such as high porous and open nanostructured surface layer and also the presence of silver. There is an increase in the catalytically active sites and oxygen defects that reduces the charge recombination. These special features facilitate the easy photochemical reaction due to high mobility of oxidative species. Fig. 11(a) illustrates the proposed band structure and charge transfer mechanism in ZnO-Ag structure along with process of bacteria killing. The accepted photochemical theory predicts that, an electron excitation takes place from VB to CB leaving behind a hole, when a photon having energy of hn equals or exceeds the energy band gap of the semiconductor. However, these photogenerated electron and hole pairs can recombine and dissipate the input energy as heat. This recombination is prevented by suitable surface defect states or scavengers via trapping of electron or hole. The hydroxyls groups on the surface also play an important role in trapping of photogenerated electron or hole and actively participate in the reaction. Formation of superoxide anion experiences acid-base equilibrium to contend with the adsorbed water molecules for photogenerated holes and becomes precursor for hydroxyl radicals. 44 These reactive oxidative species such as peroxide and hydroxyl radicals inhibit the lag phase of bacterial growth via disruption of cell membrane. They invade DNA structure to stop the functioning of minerals, proteins and genetic materials that are leaked due to cell wall disruption causing ultimate cell death as shown in Fig. 11(b) .
A better outlook to the functioning of photocatalysts can be given by PL analyses. Photoluminescence spectroscopy is one of the powerful tools in characterization of the optical properties of semiconductor materials. Fig. 12 shows the photoluminescence spectra of ZnO, Ag substituted ZnO and Ag impregnated ZnO. Room temperature excitation of zinc oxide nanoparticles at 325 nm shows photoluminescence at both UV and visible regions. However, UV emission corresponds to band gap of the zinc oxide nanoparticles, visible region emission should be noted with regard to Ag substitution and impregnation. The visible range emission is owed to the presence of oxygen defects and incorporation of silver into zinc oxide. The increase in emission of Ag substituted zinc oxide at visible region is due to that Ag + ions has got substituted into Zn 2+ lattice creating ionized oxygen vacancies. The Ag impregnated zinc oxide sample showed less photoluminescence intensity compared to substituted and pristine zinc oxide samples. This is because the impregnated Ag exists as such in metallic state associated with zinc oxide nanoparticles. Therefore, whenever zinc oxide gets excited, the charge carriers get separated by the metallic Ag which acts as electron sink and decrease the recombination. 45 Hence, silver impregnated zinc oxide shows better photoactivity compared to pristine and Ag substituted zinc oxide catalysts. Fig. 11 Proposed schematic of (a) photocatalytic mechanism for Ag impregnated ZnO and (b) process of E. coli disruption. The proposed mechanism can be supported by the photochemical experiments by means of trapping agents for radicals and holes. Scavengers used were EDTA-2Na (hole scavenger), benzoquinone (cO 2 À radical scavenger), t-BuOH (cOH radical scavenger) and DMSO (electron scavenger). Control experiments were carried out only with the designated catalyst for bacterial inactivation. Fig. 13(a) shows the plot of viable bacterial count with time variation of the different reaction systems containing scavengers with pristine zinc oxide catalyst. The inset in the gure shows the rate constants in the presence of different scavengers. The reduced rate constant conrms the trapping of hydroxyl radicals by t-BuOH produced during the reaction. It suggests that the main oxidative species are cOH radicals. Hydroxyl radical scavengers greatly inuence the bacterial killing. Fig. 13(b) and (c) show the viable count plot of Ag substituted and impregnated zinc oxide in the presence of different scavengers, respectively. Both EDTA-2Na and t-BuOH shows effective trapping of hole and cOH radical. This can be predicted that silver acts as sink for the electrons whereas hole reduces the hydroxyl ion on the surface to produce hydroxyl radical that further promotes the photochemical reaction for bacterial killing. 27 The insets in Fig. 13 (b) and (c) support the hole and radical trapping with lowest rate constants observed for EDTA-2Na and t-BuOH scavengers. However, rate constant for impregnated silver (0.06 min À1 ) is less than substituted silver (0.09 min À1 ) supporting the better activity of Ag impregnated ZnO in the presence of scavenger. It is observed that both hole and hydroxyl radical scavenger have nearly equal constants supporting the above result. This suggests that the hole and surface hydroxyls play very crucial role in the photocatalytic killing of bacteria. Substitution and impregnation of silver as Ag + ion and metallic Ag was conrmed from XPS. The photocatalytic tests showed that Ag impregnated ZnO exhibits excellent bacterial inactivation. The porous and open structure of ZnO favored the effective inactivation by increasing the number of active sites and effective charge separation observed in presence of Ag. Ag acts as an electron sink and hole as hydroxyl radical former for the photochemical killing of bacteria. The experiments for different radical and electron-hole trapping showed that the photogenerated holes and cOH radicals are the main oxidative species for E. coli inactivation.
Conclusions
